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. Many MLL-fusion partners are members of the super elongation complex (SEC), a critical regulator of transcriptional elongation, suggesting that aberrant control of this process has an important role in leukaemia induction 2, 3 . Here we use a global proteomic strategy to demonstrate that MLL fusions, as part of SEC 2, 3 and the polymeraseassociated factor complex (PAFc) 4, 5 , are associated with the BET family of acetyl-lysine recognizing, chromatin 'adaptor' proteins. These data provided the basis for therapeutic intervention in MLLfusion leukaemia, via the displacement of the BET family of proteins from chromatin. We show that a novel small molecule inhibitor of the BET family, GSK1210151A (I-BET151), has profound efficacy against human and murine MLL-fusion leukaemic cell lines, through the induction of early cell cycle arrest and apoptosis. I-BET151 treatment in two human leukaemia cell lines with different MLL fusions alters the expression of a common set of genes whose function may account for these phenotypic changes. The mode of action of I-BET151 is, at least in part, due to the inhibition of transcription at key genes (BCL2, C-MYC and CDK6) through the displacement of BRD3/4, PAFc and SEC components from chromatin. In vivo studies indicate that I-BET151 has significant therapeutic value, providing survival benefit in two distinct mouse models of murine MLL-AF9 and human MLL-AF4 leukaemia. Finally, the efficacy of I-BET151 against human leukaemia stem cells is demonstrated, providing further evidence of its potent therapeutic potential. These findings establish the displacement of BET proteins from chromatin as a promising epigenetic therapy for these aggressive leukaemias.
Dysregulation of chromatin modifiers is a recurrent and sentinel event in oncogenesis 6 . Therapeutic strategies that selectively alter the recruitment and/or catalytic activity of these enzymes at chromatin therefore hold great promise as targeted therapies 6 . In this regard the bromodomain and extra terminal (BET) family of proteins (BRD2, BRD3, BRD4 and BRDT) provide an ideal 'druggable' target, because they share a common highly conserved tandem bromodomain at their amino terminus. Selective bromodomain inhibitors that disrupt the binding of BET proteins to histones have recently been described 7, 8 ; however, their true therapeutic scope remains untested.
To identify the nuclear complexes associated with ubiquitously expressed BETs (BRD2/3/4), we performed a systematic global proteomic survey. Specifically, this involved a tri-partite discovery approach (Fig. 1a) . In the first approach, bead-immobilized analogues of I-BET762 (ref. 9) were incubated with HL60 nuclear extracts and bound proteins were analysed by quantitative mass spectrometry (Supplementary Table 1 ). This approach identified the BET isoforms and a large number of co-purifying proteins (Supplementary Tables 1  and 2 ), indicating that the BET isoforms reside in many distinct protein complexes. In the second approach, immunoprecipitation analyses with selective antibodies against BRD2/3/4 were performed (Supplementary Fig. 1 and Supplementary Tables 3 and 4 ). This was complemented with additional immunoprecipitations using selected antibodies against complex members ('baits') selected from the subset of proteins that were identified in the first approach (Fig. 1b right panel, Supplementary Fig. 2 and Supplementary Table 3 ). In the third approach, bead-immobilized histone H4(1-21; K5acK8acK12ac) acetylated peptides were used to purify protein complexes. These data were combined to highlight a list of complexes identified in all three methods (Fig. 1b left panel, Supplementary Fig. 3 and Supplementary  Table 1 ). Finally, specificity of the I-BET762 and histone tail matrix was further assessed by competition experiments (Fig. 1c Table 2 ). This strategy enabled the direct determination of the targets of the inhibitor, and the proteins associated with the target, with subunits of protein complexes exhibiting closely matching half-maximum inhibitory concentration (IC 50 ) values 10 . Taken together these stringent and complementary approaches provide a high confidence global data set encompassing all known [11] [12] [13] and several novel BET protein complexes ( Fig. 1b and Supplementary Fig. 3 ). Among the novel complexes, we observed a prominent enrichment and dose-dependent inhibition of several components of the PAFc 4,5 and SEC 2, 3 (Fig. 1b, c ), which were confirmed by reciprocal immunoprecipitations in HL60 cells (Fig. 1b) . Moreover, reciprocal immunoprecipitations in two MLL-fusion leukaemia cell lines (MV4;11 and RS4;11) confirmed the relationship of SEC with BRD4 in different cellular contexts (Fig. 1d) . Together these data indicate that BRD3 and BRD4 associate with the PAFc and SEC and may function to recruit these complexes to chromatin. Given that these complexes are crucial for malignant transformation by MLL fusions [2] [3] [4] [5] we tested the hypothesis that displacement of BET proteins from chromatin may have a therapeutic role in these leukaemias.
To progress our studies with an optimized therapeutic agent we developed I-BET151 (Fig. 1e) ; a novel dimethylisoxazole template, previously undisclosed as a BET bromodomain inhibitor. It was identified and optimized to retain excellent BET target potency (Fig. 1i) and selectivity (Fig. 1h, Supplementary Figs 5-10 and Supplementary  Table 5 ) while enhancing the in vivo pharmacokinetics and terminal half-life to enable prolonged in vivo studies ( Fig. 4a and Supplementary Fig. 20 ). We also generated proteomic selectivity profiles comparing I-BET151 with I-BET762 (Fig. 1h, Supplementary Fig. 5 and Supplementary Table 6 ). We bead-immobilized a combination of differentially acetylated histone tail peptides (Supplementary Table 7) , which captured a total of 27 bromodomain proteins from HL60 nuclear extracts. Competition with excess I-BET151 or I-BET762 blocked the capture of BRD2, BRD3, BRD4, and BRD9 but had no effect on the 23 other bromodomain proteins including MLL. The inhibition of BRD9 is likely to be indirect as this protein forms a complex with BRD4 (Supplementary Table 3 ). Finally, a high-resolution (1.5 Å ) crystal structure of I-BET151 bound to BRD4-bromodomain 1 (BD1) revealed binding to the acetylated-lysine (AcK) recognition pocket of the BET protein (Fig. 1f, g and Supplementary Fig. 10 ).
To assess the therapeutic efficacy and selectivity of I-BET151, we tested a panel of leukaemic cell lines harbouring a spectrum of distinct oncogenic drivers. These data demonstrated that I-BET151 has potent efficacy against cell lines harbouring different MLL-fusions ( Fig. 2a and Supplementary Fig. 11 ). To extend these data we tested the clonogenic potential of human leukaemic cells grown in cytokinesupplemented methylcellulose containing dimethylsulphoxide (DMSO; vehicle) or I-BET151. Consistent with the profound effects in liquid culture, the colony-forming potential of MLL-fusion-driven Supplementary Fig. 3 ).
Bold circles indicate associations confirmed by the three orthogonal methods. Right, heat map representing quantitative-mass spectrometry data following co-immunoprecipitation of BETs, PAF and SEC complex members. c, Differential proteomic analysis of the proteins interacting with I-BET and triple acetylated histone H4 tail. Left, affinity matrices with immobilized I-BET762 or histone H4(K5acK8acK12ac) peptide bind to the same set of BET complexes. Protein abundance was determined from signal intensities in the mass spectrometer (arbitrary units, K 5 31,000). Right, competitive inhibition of the binding of BET isoforms, and SEC and PAF complex components, to the I-BET762 matrix showing matching concentration dependence. d, BRD4 and MLLT1 interact in HL60, MV4;11 and RS4;11 cells and binding to the I-BET762 matrix is blocked by excess I-BET151. e, Chemical structure of GSK1210151A (I-BET151). f, I-BET151 binding to the acetyl-binding pocket of BRD4-BD1 (cyan) overlaid with H3K14-acetyl peptide (green) (Protein Database ID 3jvk). A surface representation of the BRD4-BD1 is shown with key recognition and the specificity WPF shelf identified. g, Ribbon representation of the BRD4-BD1 (cyan) crystal structure complexed with I-BET151 (shown in magenta stick format) overlaid with H3(12-19)K14ac peptide (green) taken from its complex with BRD4-BD1(PDB ID 3jvk). Secondary elements of the BRD4-BD1 structure have been highlighted. h, Selectivity profile of IBET-151 showing average temperature shifts (T m ) using a fluorescent thermal shift assay. Numbering inside the spheres indicates bromodomains assessed; for example, 12 signifies both bromodomains 1 and 2 have been assessed. Overlaid is the selectivity profile generated using a proteomic approach (shown as boxes around proteins, discussed in Supplementary Fig. 5 ). Where the bromodomains have been profiled by both thermal shift and proteomic approaches the agreement is excellent. Proteins not assessed by either technique are shown in grey. i, Comparison of I-BET762 and I-BET151 potency in ligand displacement assays, direct Biacore binding and lipopolysaccharide-stimulated IL-6 cytokine production from human peripheral blood mononuclear cells (PBMC) or whole blood (WB).
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leukaemias (MOLM13) was completely ablated by I-BET151, whereas leukaemias driven by tyrosine kinase activation (K562) were unaffected (Fig. 2b) . In addition to the data with human leukaemic cell lines, we also confirmed the potent efficacy of I-BET151 in both liquid culture and clonogenic assays using primary murine progenitors retrovirally transformed with either MLL-ENL or MLL-AF9 (Fig. 2c) .
To investigate the mechanism of action for I-BET151, we performed fluorescence-activated cell sorting (FACS) analysis to assess apoptosis and cell cycle progression after I-BET151 treatment. 
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prominent G 0 /G 1 arrest in two MLL-fusion cell lines driven by distinct MLL fusions (MOLM13 and MV4;11 containing MLL-AF9 and MLL-AF4, respectively). In contrast, the cell cycle characteristics and apoptotic rate of K562 cells were largely unaffected at this time.
These data indicate that I-BET151 alters the transcriptional programmes regulating apoptosis and cell-cycle progression in MLLfusion leukaemias.
To identify the precise transcriptional pathways controlled by I-BET151, global gene-expression analysis was performed in MOLM13 and MV4;11 cells after treatment with I-BET151 or DMSO for 6 h. This strategy allowed us to identify early I-BET151-responsive genes, before any discernable phenotypic alteration in cell cycle or apoptosis (Supplementary Fig. 12 ). As demonstrated previously 7 , we observed differential expression of a selective subset of genes (Fig. 3a) , rather than global transcriptional dysregulation. Remarkably, the transcriptional programmes altered in the two MLL-fusion cell lines were highly correlated (Fig. 3b) and gene set enrichment analysis documented significant overlap with published MLL fusion signatures including MLL-fusion leukaemia stem cells (LSC) 14, 15 ( Supplementary  Fig. 13 ). These data are consistent with the notion that MLL fusions aberrantly co-opt the SEC and PAFc to regulate similar transcriptional programmes. Notably, the top 100 genes concomitantly decreased in both MOLM13 and MV4;11 (Fig. 3c) contained several previously reported direct MLL targets, such as BCL2, CDK6 and MYC, the downregulation of which was consistent with the phenotypic consequences of I-BET151 treatment.
BCL2 is a key antiapoptotic gene implicated in the pathogenesis of MLL-fusion leukaemias 16, 17 . Consistent with these data, I-BET151 reduced the expression of BCL2 in a third MLL-fusion cell line (NOMO1) but not in the unresponsive K562 cells (Fig. 3d) , and induction of apoptosis coincided with a marked reduction in BCL2 protein expression (Fig. 3e) . Moreover, overexpression of BCL2 in the presence of I-BET151 rescued the apoptotic phenotype ( Supplementary  Fig. 14) . Chromatin immunoprecipitation (ChIP) analyses at the BCL2 locus showed that 6 h of I-BET151 treatment selectively decreased the recruitment of BRD3/4 and impaired recruitment of CDK9 and PAF1 (part of SEC and PAFc, respectively) to the transcriptional start site (TSS). This correlated with reduced phosphorylation of RNA polymerase II (Pol II) on serine 2 of its carboxy-terminal domain (PolIIS2ph) (Fig. 3f) . A similar pattern was observed at two other MLL target genes (MYC and CDK6), but not at housekeeping genes (B2M) whose expression was unaltered by I-BET151 (Supplementary Fig. 15 ). 
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Together, these data indicate that the mechanism of efficacy for I-BET151 involves a selective abrogation of BRD3/4 recruitment to chromatin. The consequence of this is the inefficient phosphorylation/ recruitment of Pol II. Further investigation is necessary to distinguish whether Pol II recruitment and/or elongation is primarily affected by I-BET151.
We next sought to establish the therapeutic potential of I-BET151 in vivo. We first characterized the pharmacokinetic properties of I-BET151 in several preclinical species (Supplementary Fig. 20) and also compared it to published inhibitors 7, 8 (Fig. 4a) . We then assessed the efficacy of I-BET151 in two established models of MLL leukaemia. Our first model was a xenotransplant model of disseminated human MLL-AF4 leukaemia 18 . I-BET151 was delivered daily at 30 mg kg 21 by intraperitoneal injection from day 21 (ref. 18) , and mice were humanely killed if clinical disease dictated or if there was a sequential rise in peripheral blood disease. At the experimental end-point all the control mice had succumbed to fulminant or progressive disease whereas only one out of five mice in the treated cohort had evidence of disease at low levels ( Fig. 4b-d and Supplementary Fig. 16 ). In our second syngeneic model of murine MLL-AF9 leukaemia, 2.5 3 10 6 leukaemic cells, established from serial transplantation, were injected into tertiary recipients. Despite the latency being reduced to less than 15 days, we waited to initiate treatment from day 9 to test the efficacy of I-BET151 in the setting of overwhelming established disease (Fig. 4e) , the scenario often encountered in clinical practice. Even here I-BET151 provided a clear and marked survival benefit (Fig. 4e-j and Supplementary Fig. 17 ). Taken together, these data demonstrate that I-BET151 provides excellent control of MLL leukaemia progression in two distinct and complementary murine models.
Finally, to demonstrate the applicability of our findings to human disease, we tested the efficacy of I-BET151 in leukaemia cells isolated from patients with various MLL fusions. These data show that I-BET151 accelerates apoptosis ( Fig. 4k and Supplementary Fig. 18 ), and abrogates clonogenic efficiency in bulk leukaemia ( Supplementary  Fig. 19 ) as well as isolated LSC (Fig. 4l) . These effects are driven, at least in part, by downregulation of a similar transcription programme identified in MLL-fusion cell lines (Fig. 4m) . Taken together, these data provide compelling evidence of therapeutic potential and suggest that disease eradication is possible.
The paradigm for epigenetic drug discovery shown here highlights an emerging role for targeting aberrant transcriptional elongation in oncogenesis [2] [3] [4] [5] and provides the first example in epigenetic therapy where mechanistic insights have driven targeted drug discovery and application (Fig. 4n) . Together, our results suggest that perturbing the interaction of BET proteins with chromatin using I-BET151 may be of great therapeutic value in human MLL-fusion leukaemias. Using a complementary strategy and a different BET inhibitor, a separate study published in this issue concurs with this view 19 . Moreover, the extensive proteomic resource provided here has identified other important disease-associated proteins binding to BET proteins, such as MMSET (WHSC1), which is implicated in multiple myeloma 20 . This raises the possibility that BET inhibitors may have an even wider therapeutic scope in oncology and perhaps in other areas of unmet need within the clinical arena.
METHODS SUMMARY
Cell culture, gene expression, chromatin immunoprecipitation and FACS analysis were performed as previously described 21 . Proteomic profiling and characterization of inhibitor specificity was performed using methodology previously described 7, 9, 10 . Detailed information about the reagents and methodology used in this study is available in Supplementary Information.
